Interactions between and among proteins regulate most cell functions, yet detecting these interactions in living cells, especially at high resolution, remains a challenge. Protein complementation, [1] proximity-induced biotinylation, [2] FRET (Förster resonance energy transfer), [3] and bipartite tetracysteine display [4] can all detect interactions between proteins, but only at the moderate resolution provided by epifluorescent microscopy (approximately 200 nm). Super-resolution imaging has begun to overcome this diffraction limit, [5] but it cannot detect protein complexes at the near-atomic-level resolution achievable using electron microscopy (EM). [6] Individual tetracysteine-containing proteins can be visualized using EM by use of the biarsenical dye 4,5-bis(1,3,2-dithiarsolan-2-yl)resorufin (ReAsH). [7] [8] [9] Irradiation of a proteinReAsH complex at 585 nm in the presence of oxygen and 3,3'-diaminobenzidine (DAB) catalyzes the formation of an osmophilic DAB polymer that is opaque to electron beams and appears in the electron microscope as a fine granular precipitate. [7] [8] [9] An analogous method able to identify a discrete protein complex within a living cell, followed by fixation and sectioning as required by EM, would provide a powerful tool for visualizing at high resolution the interactions between proteins in their native environments.
Recently we reported that ReAsH could be used in solution to visualize discrete protein complexes provided that each member of the protein assembly contributes a single CysCys pair to recapitulate an appropriate, albeit bipartite, tetracysteine binding site for ReAsH. [4] Subsequently we explored the structure and flexibility requirements of bipartite tetracysteine display, [10] and described its application to generate a prototype for a fluorescent-protein-free Src kinase sensor. [11] Others have used bipartite tetracysteine display to monitor conformational states of cellular retinoic acid binding protein (CRAB-P) in E. coli. [12] Here we describe a new method-complex-edited electron microscopy (CE-EM, Figure 1 )-that combines bipartite tetracysteine display [4] with electron microscopy. CE-EM facilitates the direct and selective labeling of a discrete protein complex in a living cell, followed by imaging with the extraordinary resolution of electron microscopy. CE-EM represents a unique tool for selectively visualizing a protein-protein complex in a living cell with the near-atomic resolution achievable using electron microscopy.
In our initial description of bipartite tetracysteine display [4] we reported that ReAsH could be used to differentiate a wildtype (wt) GCN4-eGFP coiled-coil fusion protein from a variant containing a single destabilizing substitution (L 20 P) in living HeLa cells. We chose to build upon these results to evaluate the feasibility of CE-EM. HeLa cells were transiently transfected with DNA encoding an analogous variant of each protein used previously [4] that contained a nuclear localization signal (NLS) PKKKRKVEDA [13] fused to the eGFP C terminus (C 2 -GCN4-NLS and C 2 -L 20 P-NLS, respectively, Figure 2 ). Additional variants included eGFP fused to an optimized sequence for ReAsH binding (FLNCCPGCCMEP) (C 4 -Opt-NLS) as a positive control, and eGFP fused to wt GCN4 lacking a Cys-Cys sequence (A 2 -GCN4-NLS) as a negative control. HeLa cells transiently expressing each fusion protein were treated with ReAsH, washed, and visualized using epifluorescent microscopy ( Figure 2 ). As expected, the nuclei of cells expressing any of the four fusion proteins showed fluorescence at the eGFP emission maximum (488 nm), demonstrating that each fusion protein was expressed and properly localized in living cells. Nuclear localization was confirmed by treating the HeLa cells with Hoechst 33342, a DNA intercalator [14] (Supporting Information, Figure S1 ). In contrast, only the nuclei of those cells expressing C 4 -Opt-NLS and C 2 -GCN4-NLS were fluo- rescent at the ReAsH emission maximum (608 nm). No fluorescence due to ReAsH was evident in cells expressing C 2 -L 20 P-NLS and A 2 -GCN4-NLS, which either dimerize poorly (C 2 -L 20 P-NLS) or lack a functional ReAsH binding site (A 2 -GCN4-NLS). We conclude that C 2 -GCN4-NLS assembles in HeLa cell nuclei into a coiled-coil dimer that effectively recapitulates a binding site for ReAsH. While the C 2 -L 20 P-NLS and A 2 -GCN4-NLS proteins are expressed, they either do not associate (C 2 -L 20 P-NLS) or cannot bind ReAsH (A 2 -GCN4-NLS) and no ReAsH fluorescence is observed.
To evaluate if bipartite tetracysteine display would support the visualization of a dimeric protein assembly using EM, the cells were fixed, treated with a standard cocktail to inhibit mitochondrial respiration, [8, 15] incubated with DAB, and illuminated at 545 AE 24 nm. No DAB polymerization was observed by epifluorescent microscopy when cells expressing C 4 -Opt-NLS were illuminated in the absence of DAB, even after 2 h ( Figure S2 ). When cells expressing C 4 -Opt-NLS were illuminated in the presence of DAB, the disappearance of ReAsH emission (608 nm) was concomitant with the formation of a brownish precipitate within 1 h (Figure 3) . A high level of DAB polymerization also appeared in the nuclei of cells expressing C 2 -GCN4-NLS, but not in those expressing the dimerization-impaired variant C 2 -L 20 P-NLS or one that lacked a ReAsH binding site, A 2 -GCN4-NLS. At longer illumination times (2 h), polymerization is apparent throughout the cytosol and nuclei of cells expressing C 4 -Opt-NLS and C 2 -GCN4-NLS ( Figure S2 ). Minimal polymerization is seen in any region of cells expressing C 2 -L 20 P-NLS or A 2 -GCN4-NLS, even after 2 h of illumination. We note that although GFP has been used to photo-oxidize DAB, [16] (albeit inefficiently) [17] the absence of DAB polymerization in the nuclei of cells expressing C 2 -L 20 P-NLS and A 2 -GCN4-NLS is definitive evidence that DAB polymerization in cells expressing C 2 -GCN4-NLS requires bound ReAsH. Cells were then treated with osmium tetroxide (1 % OsO 4 , 1 h) and prepared for EM.
The EM images shown in Figure 3 display a level of electron density that parallels the extent of DAB polymerization visible by epifluorescent microscopy. All EM images clearly demonstrate an articulated nuclear membrane (dotted white line; see also Figure S3 ). However, only those cells expressing C 4 -Opt-NLS or C 2 -GCN4-NLS show increased electron density within their nuclei, with no increased density in the nucleolus. No increase in electron density is observed in the nuclei of cells expressing C 2 -L 20 P-NLS, A 2 -GCN4-NLS (Figure 3 ) or in cells expressing C 4 -Opt-NLS that were not treated with ReAsH or DAB ( Figure S3 ). The increased electron density seen sporadically in the mitochondria is likely due to insufficient inhibition of cellular respiration before polymerization of DAB. Comparison of the images obtained using CE-EM (Figure 3 ) with those obtained after staining with rabbit anti-GFP/protein A gold ( Figure S4 ) demonstrate that the sensitivity of CE-EM is at least as high as that obtainable by traditional methods, with the added advantage that the CE-EM technique requires proteinprotein complex formation and occurs in living cells. To quantify the differences in electron density among the four cell populations, we analyzed the images using Image J. [18] Multiple square areas (400 400 pixels) from each nuclei were individually masked, and the total area of increased electron density (A ED ) within each was calculated and averaged ( Figure S3 ). The value of A ED in the nuclei of cells expressing C 4 -Opt-NLS and C 2 -GCN4-NLS is over four times greater than in analogous cells that were not treated with ReAsH, and more than twice of that in ReAsH-treated cells expressing C 2 -L 20 P-NLS and A 2 -GCN4-NLS. These comparative A ED values provide a quantitative assessment of what is clearly visible in Figure 3 : the GCN4 homodimer can be selectively visualized in the nucleus using complex-edited electron microscopy.
In summary, we describe a technique, complex-edited electron microscopy, which facilitates the direct and selective visualization of discrete protein-protein complexes at high resolution using electron microscopy. Notably, the molecular event that initiates this visualization-reaction of a proteinprotein complex with ReAsH-occurs in living cells.
